The mapping of moisture content, composition and texture of soils is attracting a growing 21 interest, in particular with the goal of evaluating threats to soil quality, such as soil salinization. 22
Fast non-invasive geophysical surveys are often used in this context. The aim of this work was to 23 study constitutive models that can be used to parameterize electrical conductivity and 24 permittivity starting from a unifying conceptual approach, and to evaluate whether the 25 information carried by one measurement type can be used to identify soil parameters that are 26 then used to predict the other geophysical quantity. To this end, a recently-developed constitutive 27 model was here extended and modified to consider also the grain surface conductivity, a critical 28 component in most natural situations. The extended model was successfully tested against 29 laboratory measurements. In addition, the new model was compared against five other equations 30 that use similar soil parameterizations. It was concluded that only three out of the five selected 31 models yield similar predictions, while the remaining two predict a different geophysical 32 response for the same soil texture. Following this analysis, a methodology was developed to 33 estimate soil salinity starting from the simultaneous measurements of bulk electrical conductivity 34 and permittivity and validate this methodology against laboratory experiments. The method is 35 
Introduction
where φ is porosity, m is Archie's cementation factor, ε s is the permittivity of the mineral solid 164 matrix and ε p is the permittivity of the pore space. For 2-phase media, the permittivity of the 165 pore-space is that of the fluid phase filling the pore space. More generally, for unsaturated 166 materials, ε p is given by the combination of the permittivity of 2 immiscible phases (water and Owing to its derivation based upon Archie's law, the model of Brovelli and Cassiani [2010b] is 173 applicable to geologic materials with negligible matrix and surface electrical conductance, that 174 is, to sediments with negligible content of clays and metal oxides. 175 176
Surface conductance 177
According to Revil and Glover [1998] the conductance associated to the excess of charge 178 at the water-matrix interface Σ S is the sum of three components, 179
where Σ ௦ is the total surface conductance, ߪ ௪ is the electrical conductivity of the bulk fluid (i.e. 181 far from the fluid-solid interface), ߪሺ߯ሻ the local electrical conductivity at a distance ߯ from the 182 surface and Σ ௦ ௌ , Σ ௦ , Σ ௦ ு are the conductances associated to the Stern and diffuse layers and to 183 proton transfer at the interface, respectively. In natural conditions, the argument in the integral in 184
Equation 8 vanishes at a distance of -at most -a few nanometers from the solid surface, a length 185 scale named Debye length. Microscopic approaches [e.g. Kan and Sen, 1987; Revil, 1999; Revil 186 and Glover, 1997; 1998; ] were developed to compute the surface conductance 187 of each component under simplified assumptions, in particular in presence of flat surfaces with 188 uniform charge density and simple, well-defined pore water solutions. In reality, however, the 189 identification of the parameters that characterize the surface of the skeleton is extremely difficult 190 because the water-mineral interface is highly heterogeneous [Adamson et al., 1966; Van 191 Riemsdijk et al., 1986] . In addition, the structure of the surface responds to changes in pore-fluid 192 chemistry over a wide range of time scales. For this reason a macroscopic approach is often 193 preferable, because it incorporates parameters that are more easily estimated on the basis of the 194 composition and mineralogy of the medium (clay and organic matter content). According to one 195 such model, the equivalent conductivity of the surface can be approximated as [Kan and Sen, 196 1987; Revil and Glover, 1998 ]: 197
where ߚ ௦ is the mobility of counterions in the EDL -the electrical double layer (the mobility in 199 the EDL is lower than in the bulk fluid), ܳ ௩ is the excess surface charge per unit pore volume, 200 ߩ is the density of the solid phase (grains) and CEC is the cation exchange capacity of the 201 medium (in C kg -1 of solid matrix). One limitation of equation (9) is that it does not explicitly 202 incorporate the dependence of surface conductivity on the ionic strength of the bulk solution. 203
However, Revil and Glover [1998] Using Eq. (9), surface conductance Σ ௦ can be converted into an equivalent volumetric 219 conductivity σ ௦ . This approach is often referred to as the 'equivalent grain conductivity 220 approach' [Bussian, 1983; De Lima and Sharma, 1990] . The surface conductance Σ ௦ and the 221 volumetric conductivity σ ௦ are linked using a formula initially derived for charged 222 macromolecules in aqueous solutions: Konski, 1960] , where ‫ۄܴۃ‬ is a 223 characteristic length scale which for isolated smooth spherical particles corresponds to the radius 224 of the sphere. In soils and real porous media, the grains are often non-spherical, rough and show 225 a broad distribution of radii: in these conditions the median (or mean) grain size [Brovelli et 
The contribution of the pore-space electrical conductivity ߪ is computed by replacing the 235 permittivity of the water phase with the corresponding electrical conductivity in Equations (6)-236 (7), while setting the electrical conductivity of the non-aqueous phase to 0. Under these 237 conditions, Equations (6)-(7) simplify to the second Archie's [1942] law: 238
In addition, as the magnitude of surface conductivity becomes negligible compared to that of the 240 
where ݂ሺ·ሻ and ݃ሺ·ሻ are two appropriate geometrical scaling factors, which depend only on the 273 soil texture. Among these models, the best known and still widely employed is perhaps the 274 equation proposed by Waxman and Smits [1968] : 275 and of the non-linear behavior observed using pore solutions with low ionic strength: in these 286 conditions the surface conductance dominates the bulk response of the medium (ߦ ՜ 1 or 287 larger). 288
Accurate predictions in the whole salinity range are better achieved using petrophysical 289 models derived using effective medium approaches [Bruggeman, 1935; Hanai, 1960] . In 290 particular the model of Bussian [1983] : 291
was found to be often very accurate [Bussian, 1983; Revil and Glover, 1998 ]. In Eq. (15) further verify the assumption that surface conductivity in field conditions is almost insensitive to 322 changes in pore-water salinity [Revil and Glover, 1998 ]. In these two datasets, the effective 323 conductivity of soil samples was measured as a function of water saturation using different pore-324 solutions with increasing ionic strength. The HSA model was fitted simultaneously on all the 325 resulting curves, and we found that a unique set of parameters is able to reproduce the 326 experimental data of both sets. The surface conductivity obtained from the fitting is equal to surface conductivity can therefore be converted to surface conductance using the relationship 362 Table 2 , plot not shown), indicating that parameters calibrated on 382 electrical conductivity can be used to estimate permittivity, and vice-versa. Fig. 4 The model performed well with Sarid and the Houston black clays, whereas for the Beaumont 386 clay a lower correlation was found (despite the fact that the trend observed in the data was still 387 reproduced). This is likely an effect of the scatter in the experimental data. It was not a surprise 388 to find that experimental data for compact clays were noisy, since -owing to the changes 389 occurring in the sample when the moisture content is varied (for example, crack opening during 390 desiccation or swelling during imbibition) -drainage/imbibition experiments are normally more 391 difficult. 392 393
Comparison with other petrophysical models 394
Following successful validation with experimental data, the HSA model was compared 395
with the constitutive equations discussed in § 2.4 that use Archie's parameterization of the 396 porous medium. For the sake of simplicity, results are presented considering saturated conditions 397 only. Indeed, variably saturated conditions were also analyzed and the conclusions were similar 398 to those reached for two-phase systems. In all cases reported the cementation factor m was set to 399 2.5, but again this choice has no impact on the findings. The parameters that were varied and 400 analyzed were porosity and surface conductivity. Figure 5 in this work we propose a closed-form relationship that allows the direct estimation of pore water 437 conductivity from simultaneous measurements of bulk conductivity and permittivity. To obtain 438 the sought relationship, two equations using the same parameterization of the soil electrical 439 response -one for electrical conductivity, the other for permittivity -were combined to give a 440 relationship of the form of Eq. (15). In saline soils, surface conductivity is negligible compared 441 to water conductivity (ߦ ՜ 0), and bulk soil conductivity can be computed using the second 442 other NAPLs with larger permittivity, Eq. 19 would be more accurate. 468
Since water and air relative permittivity values can be assumed as constants (80 and 1, 469 respectively), Eq. 19 can be directly used to map soil salinity (expressed in terms of electrical 470 conductivity of the pore water) from simultaneous measurements of bulk electrical conductivity 471 and permittivity, with no adjustable parameter and without knowing the degree of water 472 saturation. In practice, the bulk conductivity and permittivity of the soil (either in the laboratory 473 or in the field) should be measured at least three times with different moisture content (that 474 indeed can remain unknown), and a straight line must be fitted to the data. Eq. (19) is then used 475 to convert the slope of the fitted line to pore-water electrical conductivity, assuming that such 476 conductivity has not changed over time. In other words, model calibration in the laboratory is not 477 necessary, and the estimation remains accurate regardless the lateral heterogeneity of the system 478 and variations in lithology, soil texture and moisture content. The main limitation of the 479 proposed approach is that during the measurement period the pore water electrical conductivity 480 must remain approximately constant, that is, temperature changes and accumulation of salts in 481 the topsoil, for example due to evaporation or plant water uptake, should be negligible. 482 483
Model verification 484

Procedure 485
To verify the findings above and validate the proposed methodology, we used a two-step 486 approach. First, in order to verify the solidity of the introduced approximations -and in 487 particular the fact that the model of Pride [1994] and Linde et al. [2006] was used -the results 488 obtained using the linear approximation were compared with the predictions calculated using the 489 more accurate variably saturated HSA model described above. The other aspect that needed to be 490 addressed was the identification of the range of water saturation within which the linear 491 approximation remains reliable. Previous experimental observations found that this limit is 492 defined by a lower bulk relative permittivity ranging between 6 and 8 (in the following denoted 493 as ߝ ) [Hilhorst et al., 2000; Persson, 2002] . Second, we compared the predictions obtained 494 using the linear approximation with some datasets where the bulk electrical properties 495 (conductivity and permittivity) as well as the electrical conductivity of the pore water were 496 independently measured. Results of the first part of the validation procedure are reported in Fig.  497 7 (black dots). The scatter plots compare the 'true' water conductivity with the results of the 498 linear approximation. This value was computed fitting with a straight line a synthetic dataset 499 composed of a number of pairs (ߝ , ߪ ) calculated using the HSA equation. The slope of the line 500 was used to estimate water conductivity via Eq. (19), as discussed in the above paragraph. To 501 evaluate the reliability of the linear approximation in the entire parameter space, a Monte Carlo 502 procedure was adopted: 500 realizations were generated sampling the parameters from uniform 503 distributions. The properties considered were porosity (in the range 0.15 to 0.50), pore-water 504 conductivity (10 ିଷ ߪ ௪ 10 S m -1 ), cementation factor (1.3 ݉ 2.5), saturation exponent 505 (1.3 ݊ 2.5) and matrix permittivity (4.0 ߝ ௦ 7.5). Two cases were studied: in the first 506 ߝ was set to 7.5 (left panel of Fig. 7 ), in the second ߝ ൌ 10 (Fig 7, right panel) . In other 507 words, only pairs (ߝ , ߪ ), with ߝ ߝ were used in the fitting. 508
The correlation between true and estimated parameters is very high regardless of the ߝ 509 used, and raising the threshold from ߝ ൌ 7.5 to ߝ ൌ 10 resulted in a small but noticeable 510 
Comparison with experimental data 517
We further validated the methodology using experimental data [Hamed et al., 2003; Hilhorst, 518 2000; Malicki and Walczak, 1999; Persson, 2002b] . The tested datasets cover a large range of 519 soil types and porous media: all estimated values are plotted in Fig. 7 (red squares, right panel)  520 and overall the comparison is remarkably good ‫ݎ(‬ ଶ 0.8) despite the extreme simplicity of the 521 proposed relationship (ߝ ௪ was set to 80 in all cases). Table 3 reports the comparison for three 522 sets of data that are discussed in more detail in the following. Measurements performed on glass 523 beads [Hilhorst, 2000] and on an organic top soil [Hamed et al., 2003 ] are plotted in Fig. 8 and 524 Fig. 9 , respectively. The HSA model is shown for comparison on both plots, together with the 525 line fitted to the data to estimate the conductivity of the pore water. The estimated pore water 526 conductivity represents very well the measured value for both materials (Table 3) and bulk 527 permittivity increases linearly with conductivity, although for the organic top soil ߝ 13 528 (that is, only above this value the relationship is linear). This observation suggests that if 529 accurate results are sought, it may be appropriate to perform a preliminary laboratory study to 530 ascertain whether the relationship is effectively linear and to define a suitable ߝ . Fig. 8 and 9 531 also show the effect of surface conductivity (in terms of Dukhin number) on the relationship. The 532 interesting aspect is that the slope of the curve in wet conditions (defined by ߝ 15) remains 533 approximately the same regardless the intensity of surface conductivity, and the main effect is a 534 shift of the curves towards higher conductivity values. In other words, these results indicate that 535 pore-water conductivity can be estimated using Eq. (19) regardless the value of surface 536 conductivity, provided that the soil is at least partly wet. A physical explanation for this 537 observation is that at moderate to high saturation values the bulk electrical conductivity remains 538 controlled by the conductivity of the pore fluid. This is consistent with the observations made in 539 Fig. 1 , where it was observed that at ‫ݏ‬ ௪ 0.5 in natural conditions the electrical conductivity of 540 materials with moderate to high porosity is only minimally affected by surface conductivity. It is 541 therefore possible to conclude that in these conditions the linear approximation defined by Eq. 542 (19) can be used to estimate water conductivity regardless the CEC of the medium. 543
The dataset of Malicki and Walczak, [1999] is reported in Fig. 10 . The same data are also 544 presented in §3.1 to test the applicability of the HSA model on soil electrical conductivity 545 measurements. In §3.1 it was mentioned that the electrical conductivity of the pore fluid had to 546 be adjusted to fit the data. This was done using the linear approximation presented in this 547 section: each dataset was fitted with a straight line, and the conductivity computed via Eq. (19). 548
The comparison reported in Table 3 shows that the estimated value predicted a higher electrical 549 conductivity larger than that measured for the three solutions with lower ionic strength, while for 550 the other two cases the match was satisfactory. This confirms the hypothesis made above that the 
Conclusions
558
The analysis conducted in this work indicated that bulk electrical conductivity and 559 permittivity can be modeled using joint constitutive models. In particular, equations based on 560
Archie's [1942] parameterization of the soil properties (cementation and saturation exponents, m 561 and n) proved suitable for this task. More specifically, in this work it was found that 562
• The equivalent grain conductivity approach introduced by Bussian [1983] can be used to 563 include surface conductance in the computations of bulk soil conductivity, given that the 564 couplings and interactions between conduction paths in the bulk fluid and at the mineral/water 565 interface are correctly accounted for. This is true for non-linear models (such as that of 566
Bussian [1983] and the HSA equation), but not for the 'two-resistors in parallel' type of 567 models. This is consistent with previous findings of Brovelli et al. Numerous experimental evidences suggest that the identification of the characteristic length 571 scale ‫ۄܴۃ‬ is difficult, in particular for medium-and fine-grained soil samples. This is an 572 important aspect, and it needs to be investigated in detail in future studies. The extended 573
HSA model was applied to several geological materials with non negligible surface 574 conductance, and good agreement was found. The calibrated parameters were found to 575 compare well with literature ranges. 576
• Among the tested models, three -the HSA model presented here, and those of Bussian, 577
[1983] and Revil and Glover [1998] -predicted consistent results for the same soil type, 578 saturation and ionic strength of the pore fluid. It should however be mentioned that the model 579
of Revil and Glover [1998] is strictly applicable to electrical conductivity only (although an 580 equivalent formulation for permittivity can be devised). These models can therefore be used 581 in joint inversion/data fusion schemes, as they share the same parameterization and provide 582 consistent predictions. 583
• The evaluation of soil salinity from simultaneous measurements of electrical conductivity and 584 permittivity is an example of how the use of relationships based on the same parameterization 585 can be used to exploit the dependence of electrical properties on the same soil characteristics. 586
The proposed methodology is simple and -at least based on the comparison with data 587 conducted in this study -robust, in particular because no fitting parameter is needed and the 588 procedure is not affected by heterogeneity and variation of soil properties. The main 589 limitation is however that pore-water conductivity must remain approximately constant during 590 the measurement period. 591
The key conclusion of this work was that electrical conductivity and permittivity of soils are 592 affected in a similar way by texture, water saturation and characteristics of the mineral matrix 593 and pore fluid. Therefore, the use of a consistent parameterization to study both properties can 594 help in the identification of the characteristics of the soil, and reduce the uncertainty and 595 sensitivity to measurement errors. To this end, the equations tested and validated in this study 596 provide a suitable framework to study and estimate electrical properties of unsaturated soils. 597
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